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Ultra-low-frequency radio waves as signals and special electromagnetic
counterparts of gravitational waves (from binary mergers) having tensorial and
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(Dated: April 11, 2019)
Gravitational waves (GWs, from binary merger) interacting with super-strong magnetic fields
of the neutron star (in the same binary system), would lead to perturbed electromagnetic waves
[EMWs, in the same frequencies of these GWs, partially in the ultra-low-frequency (ULF) band for
the EMWs]. Such perturbed ULF-EMWs are not only the signals, but also a new type of special EM
counterparts of the GWs (unlike usual EM counterparts of gamma-ray bursts, they have accurately
the same start time to the GWs). Here, generation of the perturbed ULF-EMWs is investigated, and
the strengths of their magnetic components are estimated to be around 10−12Tesla to 10−17Tesla
at the Earth for various cases, which would be already within or approaching the sensitivity range
of the cutting-edge technologies of the magnetometry. Especially, for the case that the neutron star
in the binary is a magnetar, the strengths of signals with level of ∼ 10−13 to ∼ 10−15Tesla are
already detectable by current highly sensitive ULF detectors and magnetometers. Waveforms of the
perturbed ULF-EMWs will be modified into shapes different but related to the waveforms of the
GWs, due to the amplification process during the binary mergers which could amplify the magnetic
fields into 1012Tesla or even higher. Specific connection relationships between the polarizations of
the perturbed ULF-EMWs and the polarizations (tensorial and possible nontensorial) of the GWs
of binary mergers, are also addressed. These characteristic waveforms and particular polarizations
of the perturbed ULF-EMWs will be very helpful for filtering and extracting the signals from
background noise. Briefly, we propose such a potential novel way of detection for signals and
special EM counterparts of the GWs from binary mergers, which would bring us some different new
information of fundamental properties of the gravity and Universe that other GW detections may
not provide.
PACS numbers: 04.30.-w, 04.50.-h, 04.80.Nn, 04.30.Db
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I. INTRODUCTION
The LIGO scientific collaboration and the Virgo
collaboration have so far reported 11 gravita-
tional wave (GW) events (GW150914, GW151012,
GW151226, GW170104, GW170608, GW170729,
GW170809, GW170814, GW170817, GW170818,
GW170823) [1–8] from binary black hole mergers
[1–5, 7, 8] (with frequencies around 30Hz to 450Hz
and dimensionless amplitudes ∼ 10−21 to ∼ 10−22
near the Earth) or from binary neutron star merger
[6] [GW170817, comes with the first electromagnetic
(EM) counterpart of the GWs]. These great dis-
coveries inaugurated a new era of GW astronomy.
Meanwhile, the EM counterparts which may occur
in association with corresponding observable GW
events, have also been massively studied based on
various emission mechanisms[9–22] due to that they
∗ wenhao@cqu.edu.cn
can bring us crucial information with rich scientific
values.
Further, in order to obtain more extensive and
in-depth astronomical information, on the path for-
ward for multi-messenger detections, it will be very
expected to expand the observations in broader fre-
quency bands (low, intermediate, high, and very
high-frequency bands), through a wider variety of
methods with different effects, aiming on more types
of sources, to explore richer information of properties
of the gravity and Universe. E.g., some interesting
questions would arise: are there and how can we de-
tect the possible nontensorial polarizations of GWs
predicted by gravity theories beyond GR including
those with extra-dimensions? Can we observe GWs
based on different principles for seeking informa-
tion that current GW detectors may not give? Can
we acquire any new EM counterparts generated by
other mechanisms with different characters?
In this article we address a novel topic that
above questions would converge. A possible new
way to detect the GWs from binary mergers is
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FIG. 1: A general frame: if one star in the binary merger is a neutron star, or even a magnetar, the binary system (i.e.,
neutron star-neutron star binary, or black hole-neutron star binary) could have ultra-strong magnetic fields up to ∼ 1011Tesla.
Moreover, during the amplification process, the magnetic fields would be greatly amplified and could easily reach 1012Tesla or
much higher. The GWs from such binary merger could interact with such extremely high magnetic fields, and lead to
perturbed EMWs [also in the GW frequency band, and usually defined as ultra-low-frequency (ULF) band in context of EMW
researches, around ∼ 101 to ∼ 102 Hz], which propagate to far field area near the Earth synchronously with the GWs due to
their identical or almost identical velocities. Thus, such perturbed ULF-EMWs could be a new type of signals and special EM
counterparts of GWs from binary mergers, and they would be captured by high sensitive ULF-EMW detectors and
magnetometers, and such detections would be complementary to observations by LIGO, Virgo, KAGRA, etc for the GWs. The
perturbed ULF-EMWs have characteristic waveforms and particular polarizations which may reflect different new information
about some crucial issues such as the tensorial and possible nontensorial polarizations of GWs from binary mergers.
proposed here based on the effect of EM response
to GWs, which had been long studied[23–40] but
were usually in very high frequency bands such
as over GHz (109Hz)[28–39]. Whereas, we now
apply such mechanism targeting on the GWs in the
intermediate band (around ∼ 101 to ∼ 103Hz) from
the binary mergers.
Specifically, as demonstrated in Fig. I, consid-
ering at least one star in the binary is a neutron
star (or magnetar, which usually has ultra-strong
surface magnetic fields ∼ 1011Tesla), according to
the electrodynamics in curved spacetime, during the
binary merger, the produced GWs could interact
with such ultra-strong magnetic fields of the same
source, and then lead to significant perturbed
EMWs in the same frequency band [partially within
the ultra-low-frequency (ULF) band (∼ 102 to
∼ 103Hz) in the context of researches for EMWs].
These perturbed ULF-EMWs (as a new type of
signals and EM counterparts of GWs from binary
mergers) and the GWs start at the same time and
then propagate into far field area until the Earth
(however, their paths can be different depending on
the large scale structure of the spacetime). Such
multi-messenger signals of GWs+ULF-EMWs could
be observed via different corresponding methods,
e.g., the ULF-EMWs could be captured by highly
sensitive ULF detectors and magnetometers, and
they would be complementary to observations of
GWs by LIGO, Virgo, KAGRA, TAMA and so on.
For the first step, instead of massive numerical
computing, we apply a typical model[41] of surface
magnetic fields of neutron stars for calculation, to
try to obtain a primary estimation of the order
of magnitude of the signal strengths. Based on
the electrodynamics equations in curved spacetime
and previous works[24, 30, 31, 34, 35, 39], the
perturbed ULF-EMWs are estimated for various
cases including that having tensorial and possible
nontensorial GWs, and the strengths of their
magnetic components would be generally around
10−12Tesla to 10−17Tesla at the Earth, which are
within or approaching the detectable windows of
existing magnetometry based on atoms, super-
conducting quantum interference device (SQUID),
spin wave interferometer, coils-antennas and so
on[42–63]. For the case that the neutron star in
the binary is a magnetar, such signals in level of
∼ 10−13 to ∼ 10−15Tesla are already detectable
by current highly sensitive ULF detectors and
magnetometers[42, 46, 54, 57, 59, 64].
The strong magnetic fields of binary would be
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further significantly amplified by the amplification
process, which had been widely studied[65–74] as a
key feature to understand the physical behaviours
during the binary merger, and it perhaps lead to
the strongest magnetic fields in the Universe[66].
Thus, the amplification process will not only result
in the further stronger signals of the perturbed
ULF-EMWs, but also lead to that the waveforms
of perturbed ULF-EMWs have an enlargement
and modification in corresponding time duration
(of the amplification of magnetic fields), i.e., the
waveforms of perturbed ULF-EMWs would have
very distinctive shapes, and should not be just
linearly proportional to the waveforms of the GWs.
The particular polarizations of the perturbed
ULF-EMWs caused by tensorial and possible non-
tensorial polarizations of GWs will also be a very
special character. In frame of GR, GWs have tenso-
rial polarizations only (× and + modes), but generic
metric theories predict up to six polarizations (in-
cluding vector modes: x, y, and scalar modes: b,
l)[75, 76], and such additional polarizations relate
to many important issues like the modified gravity
and extra-dimensions of space. Based on current
researches[39, 77], specific relationship of how the
polarizations of perturbed ULF-EMWs connect to
the tensorial and nontensorial polarizations of the
GWs from binary mergers, is addressed, and typical
examples are presented.
Such characteristic waveforms and particular
polarizations of the perturbed ULF-EMWs will
be very unique features helpful for filtering and
extracting the signals of perturbed ULF-EMWs
from background noise.
The perturbed ULF-EMWs as a special type of
EM counterparts of the GWs, sit in totally different
frequency band rather than usual EM counterpart
of GRBs; besides, they have another very special
and important property: the GRBs are usually
assumed to be generated nearly at the same time
to the GWs, but actually there would be still some
unknown uncertainty of their start time; differently,
for the perturbed ULF-EMWs, such uncertainty
could be reduced or avoided, because under the
frame of EM response to GWs, they just clearly have
the same start time to synchronously propagate
with the GWs outward from the source of binary,
and thus may provide more accurate information
for those analysis based on the difference of arrival
times between the EM and GW signals.
Plan of this article is as follows:
In Sect.II, strengths of magnetic components of the
perturbed ULF-EMWs caused by GWs of binary
mergers are estimated. In Sect.III, the amplification
process of magnetic fields and the modification
of waveforms of the perturbed ULF-EMWs are
addressed. In Sect.IV, particular polarizations
of the perturbed ULF-EMWs depending on the
tensorial and possible nontensorial polarizations
of the GWs of binary mergers, are investigated.
In Sect.V, issues of methods of detection for the
perturbed ULF-EMWs are discussed. In Sect.VI,
summary of results, discussion and conclusion are
given.
II. STRENGTHS OF PERTURBED
ULTRA-LOW-FREQUENCY EMWS CAUSED
BY GWS FROM BINARY MERGERS
In this section we estimate the strengths (at the
Earth) of the perturbed ULF-EMWs caused by in-
teraction between the GWs of binary mergers and
the ultra-strong magnetic fields of neutron star (or
magnetar) of the same binary system.
For the first step of estimation, instead of massive
numerical computing, we apply a typical model[41]
of the surface magnetic fields of neutron stars for
calculation, and it can be expressed as[41]:
Bsurf = ~▽× (~r × ~▽S),
S = S(l,m) = Sml (r)Y
m
l (θ, φ),
Y ml (θ, φ) = P
m
l (cos θ)e
imφ; (1)
In spherical coordinates with orthonormal basis of
er, eθ and eφ, the r = rer, and B = Brer +Bθeθ +
Bφeφ. The S is expanded in a series of spherical har-
monics, and Pml (cos θ) is the Legendre polynomial.
For l = 1,m = 0, it corresponds to the dipole mode:
S(1, 0) = C
cos θ
r2
∞∑
ν=0
aν(
2M
r
)ν ,
a0 = 1, aν =
(1 + ν)2 − 1
(3 + ν)ν
aν−1, (for ν ≥ 1), (2)
From Eqs.(1) to (2), the dipole component of surface
magnetic field is:
Bsurf (1, 0) = ~▽× (~r × ~▽S(1, 0))
= C1 cos θ
1
r3
∞∑
ν=0
aν(
2M
r
)ν~er
+ C1 sin θ
1
r3h
∞∑
ν=0
(ν + 1)aν(
2M
r
)ν~eθ, (3)
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Sum the terms in Eq.(3), a typical form of neutron
star surface magnetic field in dipole mode can be
obtained [see Fig.2 (a)]:
B
surf
di (1, 0)
= 2C1 cos θ
1
r3
−3r[r2 ln(1− 2Mr ) + 2M(M + r)]
8M3
~er
+ C1
sin θ
r3h
3r2[2M( Mr−2M + 1) + r ln(1− 2Mr )]
4M3
~eθ,
(4)
the metric h is[41]:
h = h(r) = (1 − 2M
r
)−
1
2 ,M =
Gm(r)
c2
, (5)
Notice that the h(r) very fast drops into 1 for
r > 2M , so in the calculation for the area r > 10km
(typical neutron star radius) we could approximately
take it as 1; m(r) is the mass function to determine
the total mass enclosed within sphere of radius r,
and m(r) ≡ mass of magnetar in our case.
Similarly, for l = 2, m = 0, we have the
quadrupole mode of surface magnetic fields [see
Fig.2 (b)]:
B
surf
quad(2, 0) = 3C2(3 cos
2 θ − 1) 1
r4
· −3r[r
2 ln(1− 2Mr ) + 2M(M + r)]
8M3
~er
+ 3C2 cos θ sin θ
1
r4h
· 3r[2M(
4M2
r−2M +M + r) + r
2 ln(1− 2Mr )]
8M3
~eθ,
(6)
Neutron star surface magnetic fields in
quadrupole mode would have comparable strength
to that in dipole mode[78], and the C1 and C2 are
constants (with different dimensions) that have been
calibrated to satisfy the typical strength of surface
magnetic fields (e.g. for magnetar, ∼ 1011T). In
dipole mode, the tangential components [i.e. ~eθ com-
ponent in Eq.(4)] have the maximum at polar an-
gle θ = π/2 [Fig.2(a)], and the radial components
[i.e. ~er component in Eq.(4)] have the maximum
around θ = 0 and π (two poles). Differently, in
quadrupole mode[Eq.(6)] the tangential components
have maximum around θ = π/4 and 3π/4 [Fig.2(b)],
and the maximum of radial component is around
θ = 0,±π/2, and π.
We also compare above model with more simple
models (i.e. just considering the magnetic fields
θ
(a) dipole surface
magnetic fields
θ
(b) quadrupole
surface magnetic
fields
radial component
simple model ~r^-3
tangential component
(c) decaying behaviors
FIG. 2: a typical model of surface magnetic fields
of neutron star employed for calculation. The (a) is
dipole mode [Eq.(4)] and (b) is quadrupole mode
[Eq.(6)] of the surface magnetic fields. Comparison
of decaying behaviours are shown in (c) among
tangential and radial components of dipole mode,
and simple model of magnetic fields ∼ r−3. The
radius of neutron star is set as 104m.
decay by ∼ r−3 or ∼ r−4), and we can see that
[Fig.2(c)] the dipole magnetic fields decay faster
than the simple model of ∼ r−3 in the near field
close to the source. Actually, the decay behaviour
of magnetic fields in near field area predominately
impact the generation of the perturbed ULF-EMWs
(we can see that in later part of this section), so we
should use such typical model instead of the simple
models to obtain more safe estimations.
On the other hand, if the GWs of binary mergers
contain possible nontensorial polarizations, they can
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be generally express as:
hµν =


0 0 0 0
0 A+ +Ab A× Ax
0 A× −A+ +Ab Ay
0 Ax Ay
√
2Al

 ei(kg ·r−ωt),
(7)
the +&×, x&y, b&l respectively represent the cross-
&plus- (tensor mode), x-&y- (vector mode), b-&l-
(scalar mode) polarizations. Interaction of these
GWs of binary mergers with the ultra-strong mag-
netic fields [background fields, Eqs. (4) and (6)] of
the neutron star of the binary system, will gener-
ate the perturbed ULF-EMWs, and such effect can
be calculated by the electrodynamics equations in
curved spacetime:
1√−g
∂
∂xν
[
√−ggµαgνβ(F (0)αβ + F˜ (1)αβ )] = µ0Jµ,
∇µFνα +∇νFαµ +∇αFµν = 0,
∇αFµν = Fµν,α − ΓσµαFσν − ΓσναFµσ, (8)
Due to previous works[24, 30, 31, 34, 35, 39], the
E and B components of the perturbed ULF-EMWs
for an accumulation distance of ∆L (small enough)
were given:
E˜(1) = ABˆ
(0)
surfkgc∆L exp[i(kg · r − ωt)],
B˜(1) = ABˆ
(0)
surfkg∆L exp[i(k g · r − ωt)], (9)
here, “A” is the GW amplitude of tensorial modes
(A+, A×), or of nontensorial modes [here, only for
(Ax, Ay), but not for (Ab, Al), the reason is ex-
plained below]. The Bˆ
(0)
surf can be transverse mag-
netic fields [perpendicular to direction of GW prop-
agation, e.g., the tangential components of Eqs.
(4) and (6)], or can be longitudinal magnetic fields
[along the direction of GW propagation, e.g., the ra-
dial components of Eqs. (4) and (6)].
Importantly, the tensorial GWs can interact with
the transverse magnetic fields but cannot with the
longitudinal magnetic fields, and contrarily, the non-
tensorial GWs can interact with the longitudinal
magnetic fields but cannot with the transverse mag-
netic fields[39]. Thus, in this article, we only con-
sider the vector modes of (Ax, Ay) for the non-
tensorial GWs, because the the longitudinal mag-
netic fields can only interact with (Ax, Ay) GWs
and cannot interact with Ab or Al GWs[39].
To precisely calculate the waveform of the per-
turbed ULF-EMWs is a much more complicated
task. However, here, as the first step, at least we
Rearth
r dr
A (r)=amplitude of  GW
at position of r
r
0
, start point of
accumulation
o NS
Earth r
4 rns*
Aearth=amplitude of  GW
at the Earth
FIG. 3: Scheme for the calculation for accumulated
perturbed ULF-EMWs.
can have a conservative estimation of only the or-
der of amplitude of the signal strengths. Therefore,
taking a typical example, we can calculate a sim-
ple situation in the late-inspiral phase shown in Fig.
3, where the binary evolution is very close to the
merger time (t = 0, defined as the time when the
amplitude of GW reaches the maximum), e.g., only
some millisecond before the merger time, and the
distance between the two centers of stars in the bi-
nary is set to 4 · rns (rns = 104meter, typical radius
of neutron star). We can integrate the contributions
[given by Eq. (9), replace the ∆L by dr] of gen-
eration of the perturbed ULF-EMWs of every small
accumulation distance “dr”, from the r0 (start point
of the accumulation, set as 3 · rns here) until some
end point of accumulation Racc; besides, every part
of contribution of the perturbed ULF-EMWs in the
“dr” will decay from the position r to R0 (R0 is some
observer distance), so there will be a term of r/R0
in the formula, see below. Actually, the accumula-
tion will continue after the Racc, but we drop this
part because it is comparatively tiny. Here we set
the Racc as r0 + 10
5meter for estimations, and the
reason to chose such distance is that: when the bi-
nary is very close to the merger time, if the period
of binary orbiting is ∼ 10−2 second, in a very short
duration of time, e.g. 13 × 10−3second (correspond-
ing to 105meter of the propagation distance of GW),
the magnetic field of binary could be approximately
treated as static or quasi-static for the case shown in
the Fig. 3, so in this short duration and in this accu-
mulation distance, the integral of these contributions
of perturbed ULF-EMWs is valid, as a safe estima-
tion. Therefore, together with Eqs. (4), (6) and
(9), we work out the accumulated perturbed ULF-
EMWs caused by the tensorial GWs interacting with
transverse surface magnetic field (tangential, or ~eθ
component) of the dipole mode, and the strengths
of their magnetic components has the form:
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B˜dipoleprtbd−tsr =
∫ Racc
r0
(
RearthAearth
r
)
sin θC1
r′3h
3r′2[2M( Mr′−2M + 1) + r
′ ln(1− 2Mr′ )]
4M3
ω
c
r
R0
dr
=
sin θ3C1AearthRearthω
4chM3R0
[R′acc ln(1−
2M
R′acc
)− r′0 ln(1−
2M
r′0
) +M ln
R′acc(r
′
0 − 2M)
r′0(R
′
acc − 2M)
], (10)
The term (
RearthAearth
r
) represents A(r) (ampli-
tude of GW at position of r), where the Rearth
and Aearth are the distance of binary to the Earth
and the amplitude of GW at the Earth. The sub-
script “prtbd” and “tsr” of above B˜dipoleprtbd−tsr mean
“perturbed EMWs” and “caused by tensorial GWs”;
the superscript “dipole” means here we include the
dipole mode of surface magnetic fields for calcula-
tion. The ω is the angular frequency. Besides, here
we use the “r′” for the part of magnetic field in the
Eq.(10), due to that the center of the neutron star is
not at the center of the binary (where r = 0), but at
the r = 2 ∗ rns (also see Fig. 3) for our calculation,
i.e., the radial coordinate of neutron star (included
for calculation) is shifted into r′ = r − 2 ∗ rns; also,
we note the R′acc = Racc−2rns, and r′0 = r0−2rns,
respectively. When R0 > Racc, as also mentioned
above, we only include the contribution of perturbed
ULF-EMWs before the Racc and treat the accu-
mulated perturbed ULF-EMWs decaying spherically
from the position of Racc until the observation point
R0, i.e., the Eq.(10) is just simply ∼ 1/R0 for this
situation given a specific Racc; in this case the curves
of Eq.(10) can be found in Fig. 3 (b). Otherwise,
when R0 6 Racc, we set Racc → R0 (replace Racc
by R0), so the Eq.(10) turns into a more complex
function of R0 [increase first and then decrease, due
to the compositive effect of accumulation and the
decaying, the curves can be found in Fig. 3 (a)].
In a similar way, the strength of magnetic compo-
nent of the perturbed ULF-EMWs caused by non-
tensorial GWs interacting with longitudinal mag-
netic field (radial, or ~er component) of the dipole
mode, can be obtained:
B˜dipoleprtbd−ntsr =
∫ Racc
r0
(
RearthAearth
r
)2C1 cos θ
1
r′3
−3r′[r′2 ln(1 − 2Mr′ ) + 2M(M + r′)]
8M3
ω
c
r
R0
dr
=
cos θ3C1AearthRearthω
4cM3R0
[2M2
r′0 −R′acc
r′0R
′
acc
+ 2M ln
r′0(R
′
acc − 2M)
R′acc(r
′
0 − 2M)
+ r′0 ln
r′0 − 2M
r′0
−R′acc ln
R′acc − 2M
R′acc
], (11)
The subscript “ntsr” of above B˜dipoleprtbd−ntsr means
“caused by nontensorial GWs”. The same, the
magnetic component of the perturbed ULF-EMWs
caused by tensorial GWs interacting with transverse
magnetic fields (~eθ component) of the quadrupole
mode, has the form:
B˜quad.prtbd−tsr =
∫ Racc
r0
(
RearthAearth
r
)3C2 cos θ sin θ
1
r′4h
3r′[2M( 4M
2
r′−2M +M + r
′) + r′2 ln(1− 2Mr′ )]
8M3
ω
c
r
R0
dr
=
9 sin θ cos θC2RearthAearthω
8chM3R0
[M2(
1
R′2acc
− 1
r′20
) + ln
r′0(R
′
acc − 2M)
R′acc(r
′
0 − 2M)
+
∞∑
k=1
(2M/R′acc)
k
k2
+
∞∑
k=1
(2M/r′0)
k
k2
],
(12)
The superscript “quad. ”of above B˜quad.prtbd−tsr means
the quadrupole mode of magnetic fields are included
for calculation. Further, the magnetic component of
the perturbed ULF-EMWs caused by nontensorial
GWs interacting with longitudinal magnetic field (~er
component) of the quadrupole mode, can be given:
6
B˜quad.prtbd−ntsr =
∫ Racc
r0
(
RearthAearth
r
)3C2(3 cos
2 θ − 1) 1
r′4
−3r′[r′2 ln(1− 2Mr′ ) + 2M(M + r′)]
8M3
ω
c
r
R0
dr
=
9(3 cos2 θ − 1)C2RearthAearthω
8cM3R0
[(
M(M + 2R′acc)
R′2acc
− M(M + 2r
′
0)
r′20
−
∞∑
k=1
(2M/R′acc)
k
k2
+
∞∑
k=1
(2M/r′0)
k
k2
], (13)
If using simple models of surface magnetic fields of
the neutron stars, which just decay by ∼ r−n(n=3,
4, ...), the strengths of magnetic components of the
perturbed ULF-EMWs are:
B˜simpleprtbd =
∫ Racc
r0
(
RearthAearth
r
)(
B0 · rnsn
r′n
)
ω
c
r
R0
dr
=
RearthAearthrns
nB0ω
(n− 1)cR0 (
1
r′n−10
− 1
R′n−1acc
) (14)
Above Eqs. (10) to (14) estimate the strengths
of perturbed ULF-EMWs for various cases: dipole-
tensorial, dipole-nontensorial, quadrupole-tensorial,
quadrupole-nontensorial and simple models of mag-
netic fields; these results do not contain information
of propagation factors or specific waveforms, and
only provide estimations for the levels of strengths.
Table I and Fig. 4 show examples of these strengths
for typical parameters.
In Table I we can find that the levels of magnetic
components of the perturbed ULF-EMWs are
generally ∼ 10−12Tesla to ∼ 10−17Tesla at the
Earth, for three type of cases: magnetar case
(magnetic field = 1.0 × 1011Tesla), amplification
case (magnetic field = 1.0× 1012Tesla), and normal
neutron star case (magnetic field = 1.0× 108Tesla).
Importantly, for the magnetar cases, even if
we do not consider the amplification process (see
Sect. III), e.g., only consider the duration that
the binary is closely approaching the merger time
(t = 0), like the situation shown above in Fig. 3,
as a conservative and safe estimation, the magnetic
components of the perturbed ULF-EMWs can reach
∼ 10−13Tesla at the Earth (see magnetar cases in
Table I).
Also, in Fig. 4 we find that the behaviours of
signals among various cases are generally consis-
tent, and the strengths based on simple models
of magnetic fields (∼ r−3, ∼ r−4) are generally
larger than the strengths based on the dipole or
quadrupole magnetic fields, which drop more fast
in the near field. Actually, even for cases with
just normal neutron stars (not magnetars), the
magnetic fields of the binary would be greatly
amplified by 3 (or more) orders of magnitude and
easily reaching 1016G (1012Tesla) or higher by the
process of magnetic fields amplification (see Sect.
III). Besides, results in Table I indicate that the
distance does not impact the level (at Earth) of
the perturbed ULF-EMWs given the same GW
amplitudes at the Earth, because larger distance of
sources (binary) requires higher GW amplitudes at
the sources, and then it leads to stronger generation
of perturbed ULF-EMWs which whereas also need
to decay for longer distance to the Earth, so their
effects offset each other and thus compositively
result in the irrelevance to the distance.
In short, for various cases, the signals (magnetic
components of the perturbed ULF-EMWs) in lev-
els of ∼ 10−12Tesla to ∼ 10−17Tesla are within
or approaching the detectable windows of existing
magnetometry[42–63].
For the case that the neutron star in the bi-
nary is a magnetar, such signals (also as a spe-
cial EM counterpart of the GWs) can reach level
of ∼ 10−13 to ∼ 10−14Tesla that are already de-
tectable by current highly sensitive ULF detectors
and magnetometers[42, 46, 54, 57, 59, 64].
III. MODIFIED WAVEFORMS OF
PERTURBED ULF-EMWS DUE TO
AMPLIFICATION PROCESS OF MAGNETIC
FIELDS OF THE BINARY
Based on various mechanisms, the amplification
process of magnetic fields of the binary mergers had
been widely studied[65–74] as one key feature to fur-
ther understand the mergers.
E.g., Rasio and Shapiro first pointed that the
Kelvin-Helmholtz (KH) instability would signifi-
cantly amplify the magnetic fields of the binary
merger[65].
Recent work of general relativistic magnetohydro-
dynamic simulations by Ciolfi et. al.[67] indicate
that the amplification process can lead to magnetic
fields up to 1016G to 1017G by the effect of the
Kelvin-Helmholtz instability. Subgrid modeling was
also applied[74] to find that the amplifications of up
to 5 orders of magnitude are possible and the level
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TABLE I: Strengths (in Tesla) of magnetic components of the perturbed ULF-EMWs at the Earth [based
on Eqs. (10) to (14)]. The cell of “dipole B nontensorial GWs” represents cases that the dipole mode of
magnetic fields of neutron stars and the nontensorial GWs of binary mergers are included for calculation,
and similarly for other cells. Here, the cases with surface “magnetic fields of neutron star” = 1.0× 1011,
1.0× 1012 and 1.0× 108Tesla respectively represent the magnetar cases, the cases considering the
amplification of binary magnetic fields, and the cases of only normal neutron stars. The signal strengths
∼ 10−12Tesla to ∼ 10−17Tesla are within or approaching current detectable windows. For the magnetar
cases, such signals (also special EM counterparts of the GWs of binary mergers) can reach around ∼ 10−13
to ∼ 10−14Tesla that are already detectable by current magnetometry.
GW distance magnetic magnetic component (Tesla) of perturbed ULF-EMWs around the Earth
amplitude of binary fields of dipole B dipole B quadrupole B quadrupole B simple simple
around sources neutron tensorial nontensorial tensorial nontensorial model model
Earth to Earth star(Tesla) GWs GWs GWs GWs B ∼ r−4 B ∼ r−3
1.0× 1011 1.1× 10−13 2.0× 10−13 1.0× 10−13 1.5× 10−13 2.4× 10−13 3.6× 10−13
40Mpc 1.0× 1012 1.1× 10−12 2.0× 10−12 1.0× 10−12 1.5× 10−12 2.4× 10−12 3.6× 10−12
1.0× 108 1.1× 10−16 2.0× 10−16 1.0× 10−16 1.5× 10−16 2.4× 10−16 3.6× 10−16
10−21
1.0× 1011 1.1× 10−13 2.0× 10−13 1.0× 10−13 1.5× 10−13 2.4× 10−13 3.6× 10−13
4Mpc 1.0× 1012 1.1× 10−12 2.0× 10−12 1.0× 10−12 1.5× 10−12 2.4× 10−12 3.6× 10−12
1.0× 108 1.1× 10−16 2.0× 10−16 1.0× 10−16 1.5× 10−16 2.4× 10−16 3.6× 10−16
1.0× 1011 1.1× 10−14 2.0× 10−14 1.0× 10−14 1.5× 10−14 2.4× 10−14 3.6× 10−14
40Mpc 1.0× 1012 1.1× 10−13 2.0× 10−13 1.0× 10−13 1.5× 10−13 2.4× 10−13 3.6× 10−13
1.0× 108 1.1× 10−17 2.0× 10−17 1.0× 10−17 1.5× 10−17 2.4× 10−17 3.6× 10−17
10−22
1.0× 1011 1.1× 10−14 2.0× 10−14 1.0× 10−14 1.5× 10−14 2.4× 10−14 3.6× 10−14
400Mpc 1.0× 1012 1.1× 10−13 2.0× 10−13 1.0× 10−13 1.5× 10−13 2.4× 10−13 3.6× 10−13
1.0× 108 1.1× 10−17 2.0× 10−17 1.0× 10−17 1.5× 10−17 2.4× 10−17 3.6× 10−17
of 1016G can be easily reached.
Research of the turbulent amplification of mag-
netic fields in local high-resolution simulations[72],
presented the magnetic fields ∼ 1016G throughout
the merger duration of the neutron star binary. An-
other study[69] on the magnetic-field amplification
due to the Kelvin-Helmholtz instability also found
that there is an at least 103 factor for the magnetic
fields of binary neutron star mergers and it can eas-
ily reach 1015G or higher.
Price and Rosswog[66] argued that the magnetic
fields of neutron star in binary mergers could be
amplified by several orders of magnitude, and it is
highly probably much stronger than 2 × 1015G for
realized cases in nature, and therefore the amplifica-
tion may lead to the strongest magnetic fields in the
Universe.
In brief, many previous studies generally indicated
the greatly amplified magnetic fields in the amplifi-
cation procces during the binary merger. Obtained
results of Eqs. (10) to (14) indicate that the wave-
form of perturbed ULF-EMWs should be linearly
proportional and similar to the waveforms of GWs
of binary mergers, but such magnetic field ampli-
fication will influence the interaction of the GWs
with the magnetic fields, and thus result in that the
waveforms of the perturbed ULF-EMWs also have
an amplification and modification in corresponding
time duration. Here, we take the waveform of a typ-
ical waveform template[79] of binary neutron star
merger as an example, and the Fig. 5 shows that
the waveform of the perturbed ULF-EMWs devi-
ates from the curve which is just linearly propor-
tional to the waveform of the GWs. Besides, many
other works also predict various curves of amplifica-
tions of magnetic field during the binary merger, by
massive numerical calculations, and if apply those
results, the corresponding waveforms of perturbed
ULF-EMWs would have diverse shapes and modifi-
cations depending on different models and comput-
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FIG. 4: Strengths of magnetic components of
perturbed ULF-EMWs caused by interaction
between GWs from binary mergers and ultra-strong
magnetic fields of neutron star in the binary system.
The curves are from Eqs. (10) to (14), and the case of
“dipole, tensorial” means the dipole mode of surface
magnetic fields of neutron stars and the tensorial GWs of
binary mergers are included for calculation, similarly for
other cases. Subfigure (a) shows examples of curves of the
strengths for range from the source to the Racc (end point
of accumulation we include for calculation). Subfigure (b)
shows curves for the range from the Racc to very far
observation point R0 = 40Mpc. Here, the surface magnetic
field of neutron star is set to 1.0× 1011T (for magnetar
cases), and the dimensionless amplitude of GWs at the
Earth is set to 1.0× 10−21. We can see the strengths of
magnetic components of perturbed ULF-EMWs can reach
∼ 10−13Tesla at the Earth.
ing methods.
Waveforms of the perturbed ULF-EMWs will be
very characteristic features helpful for extracting the
signals of perturbed ULF-EMWs from background
noise, by similar signal processing methods applied
for LIGO&Virgo data using matched filtering based
on waveform templates. However, it should be em-
phasized that, the Fig. 5 is not the exactly pre-
dicted waveform of the perturbed ULF-EMWs but
only to intuitively present the overall increasing ten-
dency of the perturbed ULF-EMWs due to the am-
plification of magnetic field of the binary, just based
on very simplified considerations, and the precisely
predicted waveforms of the perturbed ULF-EMWs
need to be computed by massive numerical calcula-
tions and simulations (e.g., using methods similar to
that in some previous studies[67, 79–82]), and these
works will be carried out in separated articles as the
next steps.
IV. PARTICULAR POLARIZATIONS OF
THE PERTURBED ULF-EMWS DEPENDING
ON TENSORIAL AND POSSIBLE
NONTENSORIAL POLARIZATIONS OF
GWS FROM BINARY MERGERS
Some researches have been carried out[77, 83, 84]
for additional polarizations relevant to observations
by LIGO. However, more information of specific
properties of possible nontensorial GWs from binary
mergers, are still very expected. For the tensorial
GWs from binary mergers, it is already known that
the proportions of two polarizations depend on the
orbital inclination ι (angle between the sight direc-
tion and the spin axis of the binary)[85]. E.g., for
the “face-on” (cos ι = ±1) and “edge-on” (cos ι = 0)
directions the GWs are circularly and linearly po-
larized, respectively. Excitingly, recent work[77]
presents the inclination-angle dependence and rel-
ative amplitudes for GWs including nontensorial
modes, i.e., for modes of hx, hy, hb and hl, the incli-
nation angle ι gives factors of sin 2ι, sin ι, sin2 ι and
sin 2ι, respectively. Based on above knowledge, we
can have a specific manner of how the polarizations
of perturbed ULF-EMWs connect to the tensorial
and nontensorial polarizations of GWs from binary
mergers. For a simple estimation, e.g., we here fo-
cus on the influence of inclination angle ι and ignore
impact by other angular parameters, and also only
include the vector modes as nontensorial GWs. Ac-
cording to the geometrical factors given by Ref.[77]:
G+ ∝ 5
2
(1 + cos2ι), G× ∝ i5 cos ι,
GVx ∝
√
525
56
sin 2ι, GVy ∝
√
15
2
sin ι, (15)
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Comparison of modified perturbed ULF-EMWs (red)  
and non-modified perturbed ULF-EMWs (blue)
FIG. 5: Simplified example of modification for the waveform of perturbed ULF-EMWs (at the Earth) caused
by GWs from binary mergers with the amplification process of magnetic fields. Subfigure (a) is the waveform
template of binary neutron star merger, and this curve is produced and modified from some materials of Ref.[79]. The
subfigure (b) is an example of typical process of magnetic field amplification during binary merger (the curve is produced
based on some materials of Ref.[67]), and this extreme phenomenon could amplify the magnetic fields into very high level of
∼ 1016Tesla or more. Here, the time = 0 means the merger time where the maximum of GW amplitude appears. The
subfigure (c) presents that the waveform of perturbed ULF-EMWs should be no longer linearly proportional to the waveform
of the GWs of binary merger, because of the amplification process of magnetic fields of the binary (see more in Sect. III), and
thus, in this example, the waveform of ULF-EMWs will be enlarged from about -10 ms to 22 ms. In other words, information
of the amplification transfers into the characteristic shape of the waveform of perturbed ULF-EMWs. The subfigure (d) shows
the comparison between the waveforms of the perturbed ULF-EMWs with and without the influence of the amplification
process. It should be emphasized that, this figure is not the exactly predicted waveform of perturbed ULF-EMWs, but only to
intuitively present the overall increasing tendency of the perturbed ULF-EMWs due to the amplification of magnetic field of
the binary, based on very simplified considerations, and the precisely predicted waveforms of the perturbed ULF-EMWs need
to be computed by massive numerical calculations and simulations, and such works will be carried out in separated articles as
the next steps.
for the h+, h×, hx and hy GWs, the mixed GWs
can be expressed as[77] (set the relative amplitudes
of h+ and h× as 1 and equal to each other):
h = (G+ + G× +AVxGVx +AVyGVy )hGR, (16)
On the other hand, due to current study[39], the
tensorial and nontensorial polarizations of GWs will
lead to corresponding different polarizations of the
perturbed ULF-EMWs, given particular types of
background magnetic fields (transverse or longitu-
dinal, to interact with the GWs). It is found[39]:
E˜(1)x ∝ −h×B(0)x + h+B(0)y − hyB(0)z ,
E˜(1)y ∝ −h+B(0)x + h×B(0)y + hxB(0)z , (17)
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i.e., the electric component E˜
(1)
x (in x-direction) of
perturbed ULF-EMWs can be contributed by h×
interacting with B
(0)
x (background magnetic fields
in transverse direction), and by h+ interacting with
B
(0)
y (also transverse background magnetic fields),
and by nontensorial hy interacting with B
(0)
z [longi-
tudinal background magnetic fields (which only in-
teract with nontensorial GWs) in z direction (also
the propagating direction of the GWs)][39]. With
Eqs.(15) to (17) we can obtain the relationship how
the polarizations of perturbed ULF-EMWs connect
to the tensorial and nontensorial polarizations of
GWs from binary mergers:
E˜(1)x ∝− i5 cos ιB(0)x
+
5
2
(1 + cos2 ι)B(0)y −AVy
√
15
2
sin ιB(0)z ,
E˜(1)y ∝−
5
2
(1 + cos2 ι)B(0)x
+ i5 cos ιB(0)y +AVx
√
525
56
sin 2ιB(0)z , (18)
based on the above expressions we have a brief pic-
ture of some examples of polarizations of perturbed
ULF-EMWs shown in Fig. 6. These figures indi-
cate that the polarization of the EM counterparts
of the perturbed ULF-EMWs obviously depends on
not only the amplitudes of nontensorial GWs (AVx ,
AVy ) and the inclination ι, but also on the levels of
background magnetic fields and their directions.
Therefore, if any specific polarization of the per-
turbed ULF-EMWs would be captured and recog-
nized, we could reversely extrapolate the possible
combination of proportions of all polarizations (in-
cluding nontensorial ones) of the GWs from binary
mergers. Here, only some simplified cases are pre-
sented, and further studies considering more pa-
rameters to influence the polarizations of perturbed
ULF-EMWs will be carefully and detailedly ad-
dressed in other works.
V. POSSIBLE WAYS OF DETECTION FOR
PERTURBED ULF-EMWS CAUSED BY GWS
FROM BINARY MERGERS
Attempting to detect the weak signals of magnetic
components of the perturbed ULF-EMWs caused
by the GWs from binary mergers, which are in level
around ∼ 10−12 to ∼ 10−17Tesla (see Sect. II and
Table I), ultra-sensitive installments are required.
Fortunately, ULF detectors and magnetometers
already with or approaching such sensitivity have
appeared in recent years by rapidly developing
cutting-edge methods such as those based on atoms,
cesium vapor, rubidium vapor, diamond, supercon-
ducting quantum interference device (SQUID), spin
wave interferometer, coils-antennas and so on[42–
63]. As addressed in section II, for the case that
the neutron star of the binary is a magnetar, the
magnetic components of perturbed ULF-EMWs can
have strengths of ∼ 10−13Tesla the Earth, and thus
such signals are already sit in the sensitivity range
(e.g. above ∼ 10−15Tesla) of currently existing
magnetometers, see Refs. [42, 46, 54, 57, 59, 64]
and so on.
Another important issues is the propagation of
the perturbed ULF-EMWs via the plasma medium,
including the Earth ionosphere and the interstellar
medium (ISM). The frequencies of the EMWs need
to be higher than the plasma frequency (or they can-
not propagate through the plasma), and the plasma
frequency is depending on the electron density of the
plasma, in the following way[86, 87]:
plasma frequency ≈ 8.97 kHz ( ne
1 · cm−3 )
1
2 (19)
where ne is the electron density (number density,
per cm3). The ne of plasma in the Earth iono-
sphere is quite high and thus the ULF-EMWs
cannot propagate through it, unless there are some
leakage. Therefore, it is much more possible to
capture the ULF-EMWs by ULF detectors and
magnetometers placed in the spacecrafts around the
Earth. Whereas, on the other hand, we also need
to consider the possible influence by the interstellar
medium (ISM). In the region outside the Milky
way, whether the ULF-EMWs will be influenced by
the ISM, is depending on the position of the source
of binary, but at least, we must take account of
the influence of ISM within the Milky way. The
electron density normally declines in perpendicular
direction from the midplane of the Milky way to
the outer region, and for the location of the Sun
(8.5kpc from the Galactic Center), the ne is about
∼ 0.04cm−3 (corresponding to plasma frequency of
about 1.8 kHz) around the Sun, and the ne declines
with increasing distance from the midplane, e.g.,
into value of ∼ 0.002cm−3 (corresponding to plasma
frequency of about 0.4 kHz) at distance of 2 kpc[88].
Thus, for safe consideration, we should mainly
focus on the perturbed ULF-EMWs (or their
EM components) with frequencies higher than
1.8 kHz, as the more possible observational targets.
Therefore, we discuss two stages [(1) late-inspiral
stage, (2) merger and post-merger stage] of the
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FIG. 6: Examples of polarizations of perturbed ULF-EMWs caused by binary merger GWs having both
tensorial and nontensorial modes by different focused parameters (influence of other parameters are ignored
here) based on the connection relationship of Eq. (18) in Sect. IV. The parameters (inclination angle,
background magnetic fields, relative amplitudes of nontensorial GWs in vector modes) of every subfigure
specifically means: ι|B(0)x |B(0)y |B(0)z |AVx |AVy .
binary merger that would produce the GWs in the
band above 1.8 kHz (then lead to the perturbed
ULF-EMWs in such frequencies).
(1) For the late-inspiral stage, the binaries are
usually investigated by quasiequilibrium configura-
tions until their separations reach comparable size
of the stars themselves, and the GWs frequencies
depend on parameters such as the mass of neutron
star, orbital velocity, separation and the compact-
ness. E.g., the frequency of the pre-merger GW can
be estimated by: fGW ≈ 960Hz( v
2
0.12
)3/2(
2.8M⊙
Mt
)
(where the Mt is the total mass of binary; v is the
orbital velocity that can be set in 0.05 to 0.155[89]).
Thus, given a typical neutron star mass of 1.4 M⊙,
the GW frequency is in the range of 250 to 1350
Hz[89]. However, the low mass neutron stars are
also possible, e.g., with mass of 1 M⊙ or less[90]. In
such cases, the frequencies of the pre-merger GWs
can be higher than the plasma frequency of 1.8 kHz
(for the late inspiral phase like the situation of
Fig. 3). Actually, the theoretical bounds on the
mass of neutron star and the mass ratio of binary
can be in large range for various equations of state
(EOSs)[90]. Of course, for the lower mass neutron
stars, the amplitude of the produced GWs will be
usually less than the case with mass of around 1.3
to 1.4M⊙. However, even if the GW amplitude
decrease by 1 order of magnitude (namely, lead to
that the perturbed ULF-EMWs also decrease by 1
order of magnitude), for the magnetar case (Table
I), the magnetic component of the ULF-EMWs will
be depressed into level of ∼ 10−14 to ∼ 10−15Tesla,
and such signals can still sit in the sensitive range
of current magnetometers.
(2) For the merger and post-merger stage, the
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GWs can easily surpass 1.8 kHz into several kHz[91–
93], e.g. the fundamental oscillation modes formed
transiently after the onset of merger (frequencies
can be 2 to 3 kHz[91, 94–97]). Crucially, in the
merge and post-merge stage, the magnetic fields
can be amplified into extremely high level of even
1012Tesla (Sect III), and thus, such GWs in several
kHz band would also produce the perturbed ULF-
EMWs in significant strengths. Nevertheless, such
processes are very complicated and require massive
numerical computing to obtain some quantitative
results. Anyway, these perturbed ULF-EMWs
produced in the merger and post-merger stage,
can be above the plasma frequency of the ISM, so
they are also the potential observable targets of
the signals and special EM counterparts from the
binary mergers.
Besides, as mentioned above, if the ULF de-
tectors and magnetometers are placed in space,
e.g. in satellites or orbital space station, the noise
will be largely reduced. Further, the character-
istic waveforms (could be predicted by numerical
calculations) and particular polarizations of the
perturbed ULF-EMWs, will carry some unique
information and provide distinct features helpful
to extract and distinguish the signals out of the
noise, and relevant signal processing methods would
be partially similar to the methods for searching
GW signals from data of LIGO, Virgo, KAGRA,
etc by using matched filtering based on waveform
templates.
The ULF detectors or magnetometers would have
much lower cost rather than usual GW detectors
and many of them are already installed on different
sites on the Earth. Thus, some of them could work
by current situation or after necessary updates. If a
network of such detectors would be built up, their
multi-detections with cross-checkings can largely
improve the sensitivity and detectability, and they
will be well complementary to other GW detectors.
In short, for both the pre-merger stage and
the merger/post-merger stage, the generation and
detection of the perturbed ULF-EMWs in currently
observable strengths and suitable frequency band
(above the plasma frequency of ISM thus can
propagate to the Earth), are possible in some
parameter space.
Here we only have a very brief and preliminary
discussion on the possibility of the detections, and
specific issues about experimental schemes should
be detailedly addressed in other works.
VI. SUMMARY, DISCUSSION AND
CONCLUSION
Summary:
(1) Perturbed ultra low frequency EMWs (∼ 102
to ∼ 103 Hz band, caused by GWs of binary
mergers interacting with ultra-strong magnetic
fields of neutron stars in the same binary) as a
new type of signals and special EM counterparts
of GWs, have been estimated for various cases:
tensorial-dipole [tensorial GWs interacting with
dipole magnetic fields, Eq. (10)], nontensorial-
dipole [Eq. (11)], tensorial-quadrupole [Eq. (12)]
and nontensorial-quadrupole [Eq. (13)] cases.
The strengths of magnetic components of these
perturbed ULF-EMWs can be around levels of
∼ 10−12Tesla to ∼ 10−17Tesla at the Earth [Table I
and Fig. 4]. Such signals would be already within
or approaching the detectable windows of current
highly sensitive magnetometry.
For the first step, as a conservative estimation, we
find that for the case the neutron star in the binary
is a magnetar, the strengths of signals (also a special
EM counterpart of GWs) can reach level ∼ 10−13 to
∼ 10−15Tesla that are already detectable by current
highly sensitive ULF detectors and magnetometers
(see Sect. II and V).
(2) Due to the amplification process of magnetic
fields of binary mergers, which can be greatly
amplified by more than 3 order of magnitude and
easily reaching 1016G or higher, the characteristic
waveforms of the perturbed ULF-EMWs will be
modified and have very unique shapes helpful for
distinguishing and extracting such signals from
background noise using method of matched filtering
based on waveform templates. Inversely, detec-
tion of ULF-EMWs may also suggests a possible
means to investigate the evolution (including the
amplification process) of the magnetic fields during
the binary mergers. Precise predictions of such
characteristic waveforms could be carried out in
other separated articles by massive numerical
simulations.
(3) Specific relationship of how the polarizations
of perturbed ULF-EMWs connect to the tensorial
and possible nontensorial polarizations of GWs from
binary mergers, are addressed [Eq. 18 and Fig. 6].
If such particular polarizations would be captured
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and recognized, we could reversely extrapolate the
possible proportions of all polarizations (including
nontensorial ones) of the GWs from binary mergers.
(4) The perturbed ULF-EMWs offer us a new
type of EM counterparts of GWs from binary
mergers. Such signals and EM counterparts have
very characteristic waveforms and particular polar-
izations, and sit in totally different frequency band
rather than usual EM counterpart of GRBs.
Besides, importantly, for EM counterparts[9–22]
such as GRBs, it is usually assumed that the EMWs
and GWs are generated at the same time, but
actually, there is still some unknown uncertainty
(regarding the relative timing of emissions between
GWs and EMWs) would impact the analysis based
on the difference of arrival times between the EM
and GW signals; differently, for the case of EM
counterparts of the perturbed ULF-EMWs, such
uncertainty would be reduced or avoided, because
under the frame of electrodynamics in curved space-
time, they just clearly have the same start time to
synchronously propagate outward from the source
of binary. Therefore, if there is some difference of
arrival times between the GWs and ULF-EMWs, it
would provide more accurate information underly-
ing researches for some very important issues such
as extra-dimensions of space, inflation, large-scale
structure of Universe, measurement of cosmological
parameters (e.g. local Hubble constant), speed and
mass of photons and gravitons, Lorentz violations
in gravity, and some other crucial properties of
gravity and Universe.
Discussion:
(1) Detection of the perturbed ULF-EMWs
suggests a possible new way to observe the GWs
from binary mergers, and such way has different
effects to probe both tensorial and nontensorial
polarizations of GWs, which relevant to fundamen-
tal issues of modified gravity, extra-dimensions of
space and so on. The LIGO, Virgo and KAGRA,
etc will form a observatory network to seek more
information of polarizations (including possible
additional ones) of GWs. However, detection
of perturbed ULF-EMWs would reflect special
connection relationship between the polarizations of
the perturbed ULF-EMWs and the GWs, and thus
might provide different new information relevant to
the possible nontensorial modes.
(2) Detection of the perturbed ULF-EMWs could
be complementary to (and cross-checked with) other
GW detections by LIGO, Virgo, KAGRA and so
on. It would be able to provide new information to
reduce the uncertainty of the source position, and
also may allow a more relaxed parameter space for
detections. As the multi-messenger observations,
information of GWs and EMWs can be mutual
references, e.g. if other GW detectors find any GW
event in prior, we could search corresponding ULF
EM signals based on the data of the detected GWs.
Besides, detection of the perturbed ULF-EMWs
would have comparatively much lower cost, and
more detectors could be built up or updated from
currently existent magnetometers on the Earth
or in spacecrafts to form a detector network for
cross-checked multi-observations.
(3) Detection of the perturbed ULF-EMWs
would find signals of GWs in broader frequency
bands up to several kHz or even higher, covering
the GWs from last-inspiral phase, merger phase and
post-merger phase of the binaries.
(4) The calculation in this article can also simi-
larly apply to the single spinning magnetars with
asymmetric mass distribution, etc. Such continuous
GWs will have different characteristic waveforms
rather than the transient GWs of binary mergers,
and the polarizations of corresponding perturbed
ULF-EMWs could also have distinguishable fea-
tures, depending on the polarizations (including
both tensorial and nontensorial) of these continuous
GWs and parameters such as the inclination angle.
(5) We here propose the general frame of this
possible way of detection for GWs and correspond-
ing special EM counterparts. This frame might
suggest us a multi-disciplinary direction of inter-
esting studies involving many aspects of the GWs,
astronomy, astrophysics, weak EMW detection,
magnetometer, numerical GR, gravity, cosmology,
extra-dimensions, etc. We could generally call this
frame as DRULF (Detections by Radiations in
Ultra Low Frequencies).
Conclusion:
Detection of the perturbed ULF-EMWs would
be a potential novel way to observe the GWs from
binary mergers by current science-technology of
ULF detections and magnetometry, and such unique
signals and also special EM counterparts of the
GWs, would bring us some different new informa-
tion of fundamental properties of the gravity and
Universe that other GW detections may not provide.
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